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Introduction
Serine proteases of the subtilisin family (Markland and Smith, 1971 ) have been extensively studied both to provide insight into the mechanism and specificity of enzyme catalysis (Kraut, 1977) © Oxford University Press and because of their considerable industrial importance as a protein degrading component of washing powders (Shaw, 1987) .
Up to date three-dimensional structures have been determined at high resolution for subtilisins isolated from Bacillus amyloliquefaciens [subtilisin BPN' (SBT)] (McPhalen et at., 1985a; Bott et al., 1988) , Bacillus licheniformis [subtilisin Carlsberg (SBC)] (McPhalen et al., 1985b; Bode et at., 1987) , Thermoactinomyces vulgaris [thermitase (TRM)] (Gros et at., 1989; Teplyakov et at., 1990) and Tritirachium album (proteinase K) (Betzel et al., 1988) . The crystal structures served as a basis for a number of protein engineering studies which resulted in mutants with altered stability and kinetic properties (Bryan et al., 1986; Estell et at., 1986; Russell and Fersht, 1987; Wells et al., 1987; Pantoliano et at., 1988 Pantoliano et at., , 1989 Carter et al., 1990) .
Substrate specificity of subtilisins is broad. The observation that the hydrolysis rate of esters of N-terminally blocked amino acids was dependent on the type of amino acid suggested that the specificity is determined by the interaction with the PI residue of a peptide substrate (Glazer, 1967; Morihara and Tsuzuki, 1969) [residues of a substrate and the corresponding binding sites of the enzyme are named according to the Schechter and Berger (1967) notation]. Morihara et at. (1970) showed that the specificity is also affected by at least five amino acid residues (P4-P2') surrounding the sensitive residue PI. X-ray structure analysis of various subtilisin -inhibitor complexes (Hirono et al., 1984; Bode et al., 1987; McPhalen and James, 1988; Gros et at., 1989) provided direct evidence for the existence of the extended substrate binding region that interacts with residues P6 -P3' of a substrate. Moreover it was pointed out that the interaction involving P4 is almost as significant as the main Pl-Sl interaction (Robertus et al., 1972; Hirono et at., 1984) . On the other hand, mutation of the P4 residue of the Streptomyces subtilisin inhibitor, SSI, in which Met was replaced by Gly, Ala and Phe (Kojima et al., 1990) appeared to have hardly any effect on its inhibitory activity towards SBT. To investigate further the importance of the interaction at the S4 site we decided to mutate residues forming this site in the serine protease isolated from the Bacillus alcalophilus strain PB92 (SBA) (van der Laan et al., 1991) .
From the crystal structures of subtilisin -inhibitor complexes (Hirono et at., 1984; Bode et at., 1987; McPhalen and James, 1988; Gros et al., 1989) it is known that the S4 site is formed by residues from two loops at the surface of the molecule. These loops contain residues 100-105 and 124-129 in SBA (102-107 and 126-131 in the SBT sequence). Flexibility of these loops is believed to be an important feature of the induced-fit mechanism of substrate binding (McPhalen and James, 1988; Gros et al., 1989) . According to Bode et at. (1987) and Gros et at. (1989) the P4 residue makes a number of contacts in the relatively hydrophobic P4 pocket of the enzyme. An aromatic residue at the position equivalent to 102 in SBA (Tyr1 04 in SBT, Tyr103 in SBC, Trp112 in TRM) seems to contribute substantially to the formation of this pocket. In SBA the corresponding position is occupied by Val102 which we mutated to Trp in the present study. Residues from the other loop involved in the formation of the S4 binding site, namely residues 126-128 of SBA, were subjected to a random mutagenesis and the variants obtained were studied with respect to their kinetic properties and three-dimensional structures. As these residues are located in a surface loop and at a distance from the active centre we expected no significant conformational changes in the core of the protein and no direct influence on the catalytic mechanism.
Materials and methods

Protein
High alkaline serine protease used for the experiments was isolated from the Bacillus strain PB92 (van Eekelen et al., 1989; van der Laan et al., 1991) . The polypeptide chain of the protein consists of 269 amino acid residues which show a reasonable degree of homology with subtilisins from Bacillus species (61 % of identical residues compared with SBC). The crystal structure of the wild type enzyme has been determined at 1.75 A resolution (van der Laan et al., 1992 ; see accompanying article).
Mutation procedures and DNA construction
The gene of the serine protease from the Bacillus strain PB92 (ATCC 31408) has been cloned into the Bacillus subtilis strain l-A40 (Young et al., 1969) . For mutagenesis the gene was recloned into phage M13mp11 (Messing et al., 1981) and transfected to Escherichia coli JM101 (Cohen et al., 1972) . After phage propagation in E.coli JMI01 dsDNA was isolated according to the method described by Bimboim and Doly (1979) . The insert and its orientation were checked by DNA sequencing (Sanger et al., 1977) .
The method of mutagenesis was based on the gapped-duplex approach (Kramer et al., 1984) and a phage-plasmid hybrid. Instead of E.coli WK30-3, E.coli JMI01 was used for the selection of the mutants. M13mp19 dsDNA was digested with EcoRI and HindIII and subsequently annealed with the vector M13 Ml which contained the protease gene. An oligonucleotide with the desired mutation was annealed into the gap which was closed with polymerase and T4 ligase. The 22-base oligonucleotides were used to create the specific mutations. Region-specific mutation used to create more mutations at a time in a specific DNA sequence was performed using an oligonucleotide preparation with a length of 40 nucleotides. Nucleotides were randomly incorporated in the sites corresponding to the amino acid(s) to be mutated. Potential mutants were checked by sequence analysis. The entire single strand gap was sequenced to check for the absence of secondary mutations. To produce the mutant the DNA fragment of Ml3 Ml containing the desired mutations was subcloned into a pM58 plasmid which contained a neomycin resistance marker but lacked the fragment with the desired mutations. Both digests were ligated and transformed to B.subtilis DB104 using the method of Anagnostopoulos and Spizizen (1961) and selected for neomycin resistance and protease activity. DNA of protease producing transformants was isolated according to the method described by Bimboim and Doly (1979) and was characterized by restriction enzyme analysis. Production and purification of SBA mutants Transformants of DB104 which were determined to contain the vector with the mutated protease gene were inoculated in 10 ml Tryptone Soya Broth (TSB) with 20 µg/ml neomycin and were incubated for 24 h at 37°C. Samples of the culture were inoculated in 500 ml shake flasks containing 100 ml protease production medium, 12.5 gil yeast extract (Difco), 0.97 gil CaCI2'6H20, 2.25 gil MgCI2'6H20, 20 mg/ml MnS04'4H20, 1 mg/l CoCI2' 6H 2 0, 0.5 gil citrate, 0.5 ml/l antifoam 5693, 6% (w/v) maltose, 0.2 M phosphate buffer, pH 6.8, and 20 µg/ml neomycin.
The wild type protease and the mutants were purified by cation exchange chromatography using S-Sepharose (Pharmacia). Fractions containing protease activity were pooled and concentrated by ultrafiltration using an Amicon stirred cell. The purity of the proteases was checked by SDS -PAGE and by high performance liquid chromatography (HPLC).
Activity measurements
The protease concentration was determined via extinction measurements at 280 nm using a molar extinction coefficient of 26 100 M-1 cm-1 which was calculated from the number of tryptophans and tyrosines per enzyme molecule. For the mutants with an altered number of tryptophans or tyrosines the corresponding corrections were introduced. An estimation of the number of active enzyme molecules was obtained by active site titrations which were performed with phenylmethylsulfonylfluoride (PMSF).
Activity was measured on succinyl-L-alanyl-L-alanyl-L-prolyl-L-phenylalanyl-paranitroanilide (sAAPFpNA) and casein. Concentration of yellow paranitroanilide (pNA) was measured spectrophotometricall y at 410 nm; EM = 8480 M -1 cm -1 (DelMar et al., 1979) . The kinetic parameters kcat and Km were obtained from initial rate measurements at various substrate concentrations (from 0.1 to 6.0 mM) at 25°C in 0.1 M Tris-HCl, pH 8.6, with 0.1 M NaCl. Activity on casein at pH 10.0 was quantified in terms of Alkaline Delft Units (ADUs) (van Velzen, 1970) according to the method which was based on the casein assays described by Kunitz (1947) and Laskowski (1955) . Thus, one ADU may be defined as the amount of an enzyme which after incubation at 40°C for 40 min at 6 cm3 of a standard casein solution and after precipitation by a further 5 cm 3 of a standard trichloroacetic acid solution will give an absorbance difference in the supernatant of 0.022 at 275 nm relative to an appropriate blank.
X-ray analysis
An X-ray diffraction analysis was carried out for the three SBA mutants having the following tripeptides in position 126-128: Phe-Gln-Ser (hereafter 'FQS' mutant), Met-Ala-Gly ('MAG' mutant), Asn-Ser-Ala ('NSA' mutant) and for the single-site V 102W mutant. Crystals of the mutants were obtained by the vapour diffusion method in hanging drops from 30% PEG 6000 solution in 0.1 M potassium phosphate buffer, pH 6.0. All crystals belong to space group P2 1 2121 but have different unit cell parameters (Table I ). The crystal structure of the 'NSA' mutant was determined in two crystal forms. X-ray data were collected on a FAST diffractometer with a TV area detector (Enraf-Nonius, Delft). One crystal of each mutant was used for data collection. Parameters of the X-ray experiments are presented in Table II .
The structures of the mutants were determined by molecular replacement using the atomic model of wild type SBA (van der I  II  II  III  III   414 Laan et al., 1992) . All structures were refined by the TNT restrained least-squares procedure (Tronrud et al., 1987) . Cycles of positional refinement were followed by an individual atomic temperature factor refinement. Solvent molecules were added to the models on the basis of (Fo -Fe) difference electron density maps calculated with σA weights (Read, 1986) . Minor manual corrections of the models using the FRODO program (Jones, 1978) on an Evans and Sutherland PS390 were necessary to adjust the amino acid sequences.
Results and discussion
V102 W mutant Specific activities on sAAPFpNA measured for wild type SBA and the V 102W mutant as well as for SBT and TRM are given in Table III mutation towards those of TRM which also has Trp at the corresponding position.
To analyse the atomic details of the mutation, the crystal structure of the V102W mutant was determined by X-ray diffraction methods at 1.8 A resolution. The atomic model has been refined to a crystallographic R-factor (Σ |Fo-Fe|/ΣFo, where Fo and Fe are observed and calculated structure amplitudes, respectively) of 13.9%. The estimated root-meansquare (r.m.s.) error in the atomic coordinates derived from the σA plot of Read (1986) is 0.12 Å. The refinement statistics are presented in Table IV . Superposition of this model on the wild type structure gave r.m.s. differences of 0.32 Å for the main chain atoms and 0.56 Å for all 1879 common atoms (Table IV) . Both values are somewhat larger than the estimated r.m.s. error mainly because of rearrangement of a few residues on the surface of the molecule due to different packing in crystal forms I (wild type) and III (V102W). The superposition of the V102W mutant on the structure of the 'MAG' mutant which was determined in the same crystal form III (see below) resulted in r.m.s. differences of 0.11 Å for the main chain and 0.23 Å for all atoms. These values agree with the finding that mutation of residue 102 in SBA causes no significant conformational changes.
Substitution of Val102 by Trp results in the formation of a relatively closed P4 pocket (Figure 1 ). Modelling of sAAPFpNA binding by SBA based on the TRM -eglin c structure (Gros et al., 1989) indicates that the side chain of Trp 102 would be at van der Waals distance from the expected position of residue P4 (3.6 Å between Cβ of P4 and Cη of Trp102) while Val at position 102 would be more than 5 Å away from P4. All other residues at the S4 site of SBA keep their positions upon the mutation. We suggest that better binding of sAAPFpNA by the mutant compared with the wild type protein as indicated by the kinetic data (Table III) (Figure 1 ) is observed without exception in all structures which were solved for crystal form III, even if they do not contain any mutation at positions 102 or 126-129, we believe that the observed shift is due to crystal packing. It suggests that the 124-1291oop might be rather mobile in solution. Upon crystallization its conformation is fixed by crystal contacts. 415 Fig. 1 . The S4 binding sites of the V102W mutant (in thick lines) and wild type SBA (in thin lines) after an overall superposition of the structures. The substrate sAAPFpNA labelled at residues PI and P4 is modelled on the basis of the TRM-eglin c structure (Gros et al., 1989) . The P4 to PI residues in eglin care Pro-Ser-Thr-Leu. Fig. 2 . The S4 binding sites of the V102W mutant of SBA (in thin lines) and TRM (in thick lines) after an overall superposition of the structures. The substrate sAAPFpNA labelled at residues PI and P4 is modelled on the basis of the TRM -eglin c structure (Gros et al., 1989) .
Whereas introduction of Trp102 in SBA leads to a better binding of sAAPFpNA there is still a difference in Km of one order of magnitude with respect to TRM which also possesses Trp at this position. The side chain of Trp 102 in the mutant has the same conformation as in TRM as can be judged from a comparison of the side chain dihedral angles: (Xl, X2) = (-66°, 125°) in SBA and (-79°, 131°) in TRM. When the two structures are superimposed using 1048 common main chain atoms (with an r.m.S. deviation of 1.22 Å) the Trp residues overlap with an r.m.s. deviation of only 0.50 Å (Figure 2) . This similarity suggests that the residue at position 102 determines the binding properties only to a minor extent and that there should be another reason for the observed difference in binding of sAAPFpNA by SBA and TRM.
Inspection of the binding sites from P4 to P2' in both proteins (Figure 2 ) revealed for residues in close contact with the substrate only a few amino acid substitutions: at positions 105, 126, 160 and 212, while all the other residues are conserved. The amino acid difference at position 212 does not directly affect substrate binding because its side chain points away from the binding site as was noted by Gros et al. (1989) . Residue 106 is located at the Sl site and can interact with the side chain of residue PI only if it is long enough. In the TRM -eglin c complex (Gros et al., 1989) the shortest distance between Asn170, which corresponds 416 to Ser160 in SBA and Leu37 of eglin c (residue PI) is that between 0δ1 of Asn170 and C,2 of Leu37 (4.58 Å). The other two residues, 105 and 126 in SBA, are located at the S4 site and are of apparent importance for substrate binding. Ser126 in SBA instead of Gly in TRM is in very close contact with the side chain of Trp102: 3.17 Å between Ser126 CI3 and Trp102 Cζ2. This steric hindrance can restrict a possible induced-fit movement of the loop 124-130 in SBA when binding a substrate. The other residue that might be responsible for the observed difference (or at least in part) in binding constants between SBA and TRM is Ile105 (Val115 in TRM). The side chain of this residue forms the bottom of the relatively deep P4 pocket (Figure 2) . In the TRM -eglin c complex (Gros et al., 1989) Val1I5 cγ1 is at a distance of 4.1 Å from Cβ of residue P4 (Pro) of the inhibitor. The corresponding distance in SBA (Ile105 C δl to P4 Cβ) derived from the superposition of the models is 1 Å shorter. Clearly the additional methyl group of Ile can impose serious steric restrictions on binding of non-glycine residues at the S4 site.
Mutants at position 126-128
Residues 126 -128 form the central part of a flexible loop at the surface of the molecule. Judging from the crystal structures of several subtilisin -inhibitor complexes (Hirono et al., 1984; Bode et al., 1987; McPhalen and James, 1988; Gros et al., 1989) these residues can interact with residues P4 -P6 of a substrate. The tripeptide 126 -128 in SBA was subjected to a random mutagenesis and the variants obtained were tested on plates with respect to their activity on casein. For a number of the mutants which retained at least 50% of the activity of the wild type enzyme the nucleotide sequences were determined and also the kinetic parameters of sAAPFpNA hydrolysis were measured. The results are summarized in Table V .
Sequencing of the mutants revealed a replacement of Gly116 by Val which accidentally occurred upon cloning of the gene. However, this residue is located on the opposite side of the molecule with respect to the substrate binding cleft. The X-ray structures which contain this additional mutation show that the replacement does not lead to any conformational changes. Therefore this substitution is believed to have no effect on the binding of substrates.
From inspection of Table V one can see that the mutations do influence the kinetic parameters of SBA for sAAPFpNA hydrolysis. As the substrate is short and lacks residues P5 and P6 we can suggest that the differences are most probably related to the interaction of the P4 residue of the substrate with residues forming the S4 site of the enzyme, particularly with residue 126. The second observation is that high turnover numbers (kcat > 200 s-I) correspond to the mutants with hydrophobic residues (Met, Leu, Val, Phe) at position 126 whereas the mutants with other residues at this position (Ser, Gly, His, Asn) show significantly lower activity on sAAPFpNA.
To investigate the influence of residue 127 on activity towards both substrates, sAAPFpNA and casein, we obtained two series of mutants of type P127X: one with Ser and another with Phe at position 126. The results of this study are presented in Table  VI . As expected there is almost no effect on kinetic parameters measured for a short substrate, but there is also very little effect on activity towards casein for both series of the mutants. The latter indicates that possible interaction between residue 127 and a substrate does not influence activity of the enzyme.
In order to explain the properties of the mutants in terms of their three-dimensional structures we carried out an X-ray All variants except MAG and FQS also have mutation GI16V (see text). aResidues at position 126-128 are given in the one-letter code. diffraction analysis of three mutants with sequences Phe-Gln-Ser (FQS), Met-Ala-Gly (MAG) and Asn-Ser-Ala (NSA) in position 126-128. The refinement statistics for these mutants are given in Table IV . The three-dimensional structures of the 'FQS', 'MAG' and 'NSA' mutants of SBA are highly similar. Superposition of these structures on the structure of the wild type protein gave r.m.s. differences of~0.3 Å for the main chain atoms. For the first crystal form of the 'NSA' mutant the difference is much smaller than for the other structures including the second crystal form of the 'NSA' mutant. This is a consequence of the identical packing of the native and 'NSA' molecules in the same crystal form. For the other structures the relatively large r.m.s. differences of~0.6 Å calculated for all common atoms are due to a few residues deviating in atomic positions by > I Å. These are the side chains of nine residues (Asn42, Gln107, Glul10, Asn1I4, Gln135, Arg143, Arg164, Lys231, Arg269) and three short segments of the polypeptide chain (52-54, 96-97,125-127) . All these residues lie on the surface of the protein molecule and possess different conformations because of different intermolecular contacts in the three crystal forms.
A.V.Teplyakov et oJ. Fig. 3 . The S4 binding site of the 'FQS' mutant of SBA. The substrate sAAPFpNA labelled at residues PI and P4 is modelled on the basis of the TRM -eglin c structure (Gros et al., 1989) . Fig. 4 . The S4 binding site of the 'MAG' mutant of SBA. The substrate sAAPFpNA labelled at residues PI and P4 is modelled on the basis of the TRM -eglin c structure (Gros et al., 1989) .
The largest main chain differences occur in surface loops all of which contain glycine residues. The loop 51-54 (in SBA numbering) has different conformations in all subtilisins with known three-dimensional structure (Bode et al., 1987; McPhalen and James, 1988; Betzel et al., 1988; Gros et al., 1989) . In TRM its flexibility is limited due to binding of a calcium ion at the so-called 'medium site' (Gros et al., 1989; Teplyakov et al., 1990) . There is no such site in the other subtilisins including SBA. Loops 95 -98 and 125 -128 are involved in substrate binding: the former at the S2-S3 site, the latter at the S4-S6 site. It has been suggested (McPhalen and James, 1988; Gros et al., 1992) that conformational flexibility of these loops is necessary for induced-fit binding of a substrate.
The loop 125 -128 contains the three residues which were mutated in the present study. Thus it is very important to separate the effects of crystal packing from the effects of amino acid substitutions on the conformation of this loop. The electron density at residues 126-128 is very clear in the 'FQS' and 'MAG' mutants allowing unambiguous positioning of all atoms in this loop. Both residues at position 126, Phe in the 'FQS' mutant and Met in the 'MAG' mutant, occupy a hydrophobic pocket at the surface of the molecule formed by residues Val102, lie105, Leu124, Leu133, Pro162 (Figures 3 and 4) . In the VI02W mutant this pocket was filled by the side chain of Trp102 (Figure 1) .
In the 'NSA' mutant in both crystal forms there is lack of electron density for the side chain of residue 126 ( Figure 5) . In contrast to Asn126, Phe126 in the 'FQS' mutant in one of these crystal forms (II) is well fixed. Met126 in the 'MAG' mutant is also fixed although in this crystal form (III) the loop 126-128 is not at all involved in contacts with neighbouring molecules and one could expect more conformational freedom for a Met side chain. Thus it seems unlikely that different conformational flexibility of the side chain of residue 126 in the three SBA mutants is caused by the crystal packing effects. Probably the hydrophobic character of the residues surrounding position 126 is not an ideal environment for the Asn side chain which shows as a result a high degree of conformational mobility. Hydrophobic residues at position 126 (Met, Phe and presumably Leu and Val) are fixed at the S4 site. From the kinetic data presented in Table V one can conclude that high activity towards sAAPFpNA is related to the ability of the enzyme to provide a hydrophobic environment at the S4 site. However, this ability does not correlate with the binding constants, Km, which are in the same range for all the mutants listed. Moreover there is a significant difference in kinetic parameters between the V102W mutant and the 'hydrophobic' mutants, particularly the S126F series, although both provide the hydrophobic S4 site.
Clearly binding of a substrate is determined by the conformation and properties of individual residues forming the binding site rather than by one overall feature of the binding pocket such as hydrophobicity. From this point of view we could expect a similar kinetic behaviour for the mutants with Leu and Val at position 126, and we do observe it (see Table V ), because of similar properties and size of these residues. On the other hand there may be a significant difference between V102W and S126F mutants due to a different location of the introduced aromatic residue in the P4 pocket (compare Figures 1 and 3 ). In the 'FQS' mutant the side chain of Phe126 comes too close (up to 1.5 Å) to the expected position of the P4 residue and apparently has to move out of the pocket when binding a substrate. This may be the reason for a somewhat higher K m for all the mutants possessing Phe126 (Tables V and VI) .
The results of this study confirm the importance of the interaction at the S4 site for the activity of protease PB92. By changing residues at this site it appears possible to obtain variants with an altered activity towards a certain substrate.
